GnRH neuron cell bodies are scattered throughout the basal forebrain but funnel their projections to the median eminence to release GnRH into the pituitary portal system to control fertility. Prior studies have shown that GnRH neurons located in the anterior hypothalamus send projections to the median eminence that have characteristics of both dendrites and axons. These unusual structures have been termed "dendrons." To address whether the dendron is unique to anterior hypothalamic GnRH neurons or is also a characteristic of more rostral GnRH neurons, we used viral vector-mediated GnRH neuron-specific tract-tracing coupled with CLARITY optical clearing. Individual rostral preoptic area GnRH neurons in female mice were identified to elaborate processes up to 4 mm in length that exhibited spines and projected all the way to the median eminence before branching into multiple short axons. The synaptic innervation patterns of distal GnRH neuron dendrons and their short axons in the vicinity of the median eminence were examined using electron microscopy. This revealed the presence of a high density of synaptic inputs to distal dendrons at the border of the median eminence. In contrast, no synapses were detected on any GnRH neuron axons. These studies demonstrate that GnRH neurons in the rostral preoptic area project dendrons to the edge of the median eminence, whereupon they branch into multiple short axons responsible for GnRH secretion. The dense synaptic innervation of these distal dendrons likely represents an efficient mechanism for controlling GnRH secretion required for fertility. (Endocrinology 159: 3200-3208, 2018) A s a result of their migration from the nose into the brain during early embryogenesis, the mammalian GnRH neurons are scattered throughout the basal forebrain (1). Most of these cells send projections to the median eminence at the base of the brain from where they release GnRH into the pituitary portal system to control fertility (2). Although it was always assumed that these projections were axonal in nature, this came under question when it was revealed that GnRH neurons could be identified as extending long dendrites for millimeters in the direction of the median eminence (3, 4). More recently, it was demonstrated that GnRH neurons located close by the median eminence in the anterior hypothalamic area did in fact send one or both of their dendrites to the median eminence, whereupon they split into numerous short axon arborizations that terminated on blood vessels of the portal system (5). These projections exhibit dendritic features such as spines and electrical responses to neurotransmitters but also conduct action potentials, giving them an unusual blend of dendritic and axonal functions that have been termed "dendrons" (5, 6).
GnRH neuron cell bodies are scattered throughout the basal forebrain but funnel their projections to the median eminence to release GnRH into the pituitary portal system to control fertility. Prior studies have shown that GnRH neurons located in the anterior hypothalamus send projections to the median eminence that have characteristics of both dendrites and axons. These unusual structures have been termed "dendrons." To address whether the dendron is unique to anterior hypothalamic GnRH neurons or is also a characteristic of more rostral GnRH neurons, we used viral vector-mediated GnRH neuron-specific tract-tracing coupled with CLARITY optical clearing. Individual rostral preoptic area GnRH neurons in female mice were identified to elaborate processes up to 4 mm in length that exhibited spines and projected all the way to the median eminence before branching into multiple short axons. The synaptic innervation patterns of distal GnRH neuron dendrons and their short axons in the vicinity of the median eminence were examined using electron microscopy. This revealed the presence of a high density of synaptic inputs to distal dendrons at the border of the median eminence. In contrast, no synapses were detected on any GnRH neuron axons. These studies demonstrate that GnRH neurons in the rostral preoptic area project dendrons to the edge of the median eminence, whereupon they branch into multiple short axons responsible for GnRH secretion. The dense synaptic innervation of these distal dendrons likely represents an efficient mechanism for controlling GnRH secretion required for fertility. (Endocrinology 159: 3200-3208, 2018) A s a result of their migration from the nose into the brain during early embryogenesis, the mammalian GnRH neurons are scattered throughout the basal forebrain (1) . Most of these cells send projections to the median eminence at the base of the brain from where they release GnRH into the pituitary portal system to control fertility (2) . Although it was always assumed that these projections were axonal in nature, this came under question when it was revealed that GnRH neurons could be identified as extending long dendrites for millimeters in the direction of the median eminence (3, 4) . More recently, it was demonstrated that GnRH neurons located close by the median eminence in the anterior hypothalamic area did in fact send one or both of their dendrites to the median eminence, whereupon they split into numerous short axon arborizations that terminated on blood vessels of the portal system (5). These projections exhibit dendritic features such as spines and electrical responses to neurotransmitters but also conduct action potentials, giving them an unusual blend of dendritic and axonal functions that have been termed "dendrons" (5, 6) .
Although examples of neurons possessing unusual dendrites without axons exist in the mammalian forebrain (7), the dendron is unique in that alongside operating as a dendrite, it readily conducts action potentials to transmit information over long distances in the brain. To date, the dendron has only been observed clearly in GnRH neurons that have their cell bodies located in the anterior hypothalamic area, close to the median eminence. An important question is whether this unique structure is limited to these caudal-most GnRH neurons or shared by GnRH neurons scattered throughout the forebrain. In rodents, the largest population of GnRH neurons is located in the rostral preoptic area (rPOA) several millimeters away from the median eminence. Until now, technical limitations associated with mechanical sectioning and the light-scattering features of thick tissue sections have made it very difficult to observe the complete projections of GnRH neurons originating in the rPOA. We report here a strategy to overcome this hurdle using recent developments in GnRH neuronselective tract-tracing and CLARITY tissue clearing (8) .
The identification of the dendron suggests that dynamic control of GnRH neurons can occur in close proximity to the site of GnRH peptide release within the median eminence (6) . This raises important questions about the location and density of synaptic inputs to the distal dendrons and their short axons in the median eminence. For example, one well-reported characteristic of the GnRH neuronal system is that a wide variety of neurotransmitters and peptides can modulate GnRH secretion from acute tissue preparations containing only the median eminence and adjacent hypothalamic tissue (9) . Although it is widely assumed that this results from the presynaptic control of GnRH neuron axon terminals in the median eminence, it is also possible that synaptic inputs to the distal dendron play a role (6) . We addressed this issue by undertaking ultrastructural studies of GnRH neuron distal dendron and axon processes within and around the median eminence.
Materials and Methods

Experimental animals
Adult female C57BL/6J GnRH-Cre (10) and GnRH-GFP (11) mouse lines were group-housed under conditions of controlled temperature (22°C 6 2°C) and lighting (12-hour light: 12-hour dark cycle; lights on at 06:00 hours and off at 18:00 hours), with ad libitum access to food and water. The University of Otago Animal Ethics Committee approved all animal experimental protocols.
Viral vector-mediated tract-tracing experiments
A recombinant adeno-associated viral (AAV) vector containing an Ef1a promoter upstream of a Cre-dependent sequence encoding the mCherry fluorophore linked channelrhodopsin [AAV9-EF1-dflox-hChR2-(H134R)-mCherry-WPRE-hGH] was used to target membrane-docked mCherry to Cre-expressing GnRH neurons (12) .
Adult female GnRH-Cre transgenic mice (60 to 80 days of age; n = 4) were anesthetized with isoflurane, placed in a stereotaxic apparatus, and given a 100-nL injection of AAV9-EF1-dflox-hChR2-(H134R)-mCherry-WPRE-hGH (2.2 3 10 13 GC/mL; Penn Vector Core) into the rPOA (coordinates according to the Paxinos brain atlas, 1.0 mm anterior to the bregma, 4.0-mm depth). A 100-nL injection volume was used in an attempt to limit transfection to only a small number of GnRH neurons and enhance unambiguous single-cell tract-tracing from the rPOA to the median eminence. This Cre-dependent ChR2-mCherry construct was found to specifically target and efficiently trace out the entire morphology of GnRH neurons in a previous study (12) .
Two weeks later, mice in the diestrus stage of the cycle were prepared for CLARITY tissue clearing and immunofluorescent labeling (8) . Mice were given an anesthetic overdose of pentobarbital (3 mg/100 mL) followed by transcardiac perfusion with 20 mL of PBS followed by 20 mL of hydrogel solution (4% paraformaldehyde, 4% acrylamide, 0.05% bis-acrylamide, 0.25% VA-044, and PBS). Brains were extracted and incubated in the same solution at 4°C for 2 days. Brains were then polymerized at 37°C for 3 hours and cut in half along the midline sagittal plane. A 1.5-mm-thick parasagittal slice was then cut from either side of the midline using a vibratome. Slices were incubated in clearing solution [0.5 M of sodium borate buffer (SBB) with 4% SDS] at 37°C for 2 weeks with regular changing of solution. Slices were then washed for 2 days in PBS + 0.1% Triton X-100 before undertaking mCherry immunofluorescent labeling by incubating the slices at room temperature in SBB containing a rabbit mCherry primary antisera (1:1000; Abcam, Cambridge, United Kingdom) (13). This was followed by a 2-day wash in SBB and 4-day incubation with biotinylated goat anti-rabbit immunoglobulins (1:100; Vector Laboratories, Burlingame, CA) and a final 2-day wash in SBB alone. Slices were then incubated in SA568 (1:00; Molecular Probes, Waltham, MA) in SBB buffer for 4 days. After this, the tissue was washed in PBS + 0.1% Triton X-100 for 2 days.
For imaging, the 1.5-mm-thick slice was brought to room temperature in FocusClear (CelExplorer Laboratories, Hsinchu, Taiwan) for 4 hours, then mounted on a slide in a well of FocusClear. Images were collected using a Nikon 1A confocal microscope with a 253 water immersion long working distance objective (step size, 0.5 mm). Maximum intensity projections of stacks and other image analyses were performed using NIS-Elements software and are presented as collapsed z-stacks ranging from 200-to 600-mm-thick optical images. Cellular features, such as spines, are shown through digital zoom on the NIS-Elements software. Montages of projected images and adjustments of brightness levels were made in Adobe Photoshop CS5.
Silver-enhanced immunogold labeling and electron microscopy
Tissue preparation, pre-embedded silver-enhanced immunogold labeling, and tissue processing for electron microscopy were performed as previously described (4). Briefly, three female diestrus-stage GnRH-GFP transgenic mice were given an anesthetic overdose of pentobarbital and were perfused transcardially with 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M of PBS. Brains were removed, postfixed for 1 hour, and cut into either 50-mm-thick coronal sections (n = 2) or horizontal sections (n = 1) on a vibratome in 0.1 M of PBS. Sections containing the mediobasal hypothalamus were trimmed using a razor blade and processed for aldehyde inactivation in sodium tetrahydroborate (0.1% in PBS) for 15 minutes, followed by permeabilization with Triton X-100 (0.05% in 0.1 M of PBS). The tissue was incubated for 30 minutes in a blocking solution for goat-gold conjugates (code 9005.002; Aurion, Wageningen, Netherlands) before overnight incubation at 4°C in rabbit anti-GFP (1:2000; Invitrogen, Waltham, MA) (14) and LR5 rabbit anti-GnRH (1:10,000; gift of R. Benoit) (15) in incubation buffer (10 nM phosphate buffer, 150 nM NaCl, and 0.1% BSA-C; Aurion) at 4°C. Tissue was placed in ultra-small gold conjugate of F(ab 0 ) 2 goat anti-rabbit (1:100; code 800.166; Aurion) overnight at 4°C in incubation buffer and then washed in Aurion Enhancement Conditioning Solution (code 500.055). Silver enhancement was performed with Aurion silver enhancement reagents (R-Gent SE EM; code 500.033; Aurion). Once GnRH-GFP immunolabel was visible, tissue was again washed in Aurion Enhancement Conditioning Solution before osmication in 0.5% osmium tetroxide. The tissue was dehydrated through a graded series of ethanol and propylene oxide, and sections were flat-embedded between two salinized slides in agar 100 resin. The sections were left to polymerize for 23 hours at 60°C, and 350-to 400-nm-thick semithin sections were cut on an ultramicrotome.
Each semithin section was stained with 1% methylene blue, 1% azur, and 1% borax and analyzed by light microscopy. Sections containing GnRH immunoreactive elements were re-embedded in agar 100 resin, cut as ultrathin serial sections (80 nm), and placed onto formvar-coated copper slot grids. The sections were stained with 1% uranyl acetate and lead citrate and imaged using a Phillips CM100 transmission electron microscope fitted with a MegaView III digital camera. Digital images were analyzed using ITEM software, and serial sections were aligned and three-dimensionally rendered using AMIRA imaging software (Thermo Fisher, Waltham, MA). Twenty-two serial ultrathin sections were analyzed in each mouse. Every labeled dendritic structure was analyzed through the 22 serial sections. More than 20 labeled axons were examined in each set of coronal sections, with 4 axons chosen at random for serial analysis through the series. 
Results
Projections of rPOA GnRH neurons to the median eminence
A cluster of GnRH neurons was found to express ChR2-mCherry in each of the four mice (Fig. 1A and 1B) . On average, 49 6 14 GnRH neurons were transfected, with a range of 17 to 84 transfected neurons across the four mice. The density of mCherry immunoreactivity in GnRH neurons appeared consistent throughout the 1.5-mm-thick sagittal brain sections. Labeled GnRH neurons were typically unipolar or bipolar in morphology and appeared to extend dendritic processes in the direction of the median eminence (Fig. 1A-1D) . Although the numbers of labeled GnRH neurons following 100-nL AAV injections remained substantial, deep confocal imaging through this tissue followed by image reconstruction enabled the dendritic projections of a few GnRH neurons located in the rPOA to be traced throughout the sagittal section to the median eminence, 4 mm away (Fig. 1A-1D ).
In addition to the traced projections of individual GnRH neurons, large numbers of mCherry-immunoreactive fibers originating from rPOA GnRH neurons were detected funneling into the median eminence (Fig. 1C and Fig. 2 ). Higherresolution imaging of tissue within and adjacent to the median eminence revealed spine-like protrusions on these processes in all four mice (Fig. 1C and Fig. 2B-2D ). No spines were detected beyond where the processes began to divide in a sequential bifurcation manner to generate large numbers of blebbed axon-like structures (Fig. 1C) .
Ultrastructural evidence of synaptic innervation to distal projections of GnRH neurons in and around the median eminence
The innervation of distal GnRH neuron processes was assessed in four regions comprising the median eminence and three adjacent lateral and dorsal zones of neural tissue in the coronal plane (Fig. 3A) . The lateral border of the median eminence zone was defined as the location where the tissue was the narrowest between the third ventricle and the base of the brain. Zones 1 and 2 were defined as lateral arcs from the border of the median eminence, spaced~100 mm apart (Fig. 3A) . GnRH/GFPimmunoreactive processes were identified predominantly within the ventral aspects of zones 1 and 2. Zone 3 comprised the immediate periventricular region above zone 1 (Fig. 3A) . Zones 1 to 3 could also be recognized in the tissue cut in a horizontal plane. No GnRH cell bodies were detected in any of these zones. Elements immunoreactive for GnRH/GFP were classified as being axon-like or dendrite-like on the basis of their typical ultrastructural features, including size and microtubule arrangement (4).
Silver-enhanced gold particles were observed within dendritic and axonal structures in a differential manner across the four zones (Fig. 3) . Although silver-enhanced gold particles were found clustered around GnRHimmunoreactive dense core vesicles as expected, many gold particles were not associated with vesicles, presumably labeling for GFP, which is found throughout the cytoplasm of GnRH neurons in GnRH-GFP mice, as reported previously (4) . Within the median eminence and zones 1 and 3, labeled profiles appeared to be exclusively axonal in nature (Fig. 3B-3D ). In contrast, zone 2 contained both axonal-and dendritic-labeled structures ( Fig. 3E-3G ). Ultrastructural imaging of axons in single ultrathin sections or through consecutive serial sections revealed a complete absence of any synaptic inputs to axons in any of the regions examined in any mouse (.20 axons in each region in each animal; Fig.  3B-3D ). In contrast, every dendritic structure examined (three, two, and six profiles in the three mice) was identified as having multiple synaptic appositions (Fig. 3E-3G ). These GnRH neuron dendritic processes were found to have on average 4.1 6 0.9 postsynaptic densities per micrometer of dendrite length (n = 3). Synaptic input occurred onto both dendritic spines (Fig. 3E) and the nonspiny membrane shafts of the dendrite (Fig. 3F and 3G ). Immunoreactive profiles were encountered in which synaptic inputs appeared to completely surround the GnRH neuron dendrite, forming a rosettelike appearance (Fig. 4A  and 4B ). In other cases, the synaptic inputs were more evenly spaced out along the length of the GnRH dendrite ( Fig. 4C and 4D ). Presynaptic axons terminating on GnRH dendritic spines and shafts contained both small and large vesicles and formed both symmetric and asymmetric synapses (Figs. 3 and 5) .
Immunoreactive GnRH dendritic profiles were also found running immediately adjacent to one another, appearing side by side in the micrographs (Fig. 3G and  Fig. 5A ). In some cases, afferents were detected that made shared synapses with a GnRH neuron dendrite and another unidentified non-GnRH neuronal element that could be a dendrite and/or a cell soma (Fig. 5) . Although shared synapses between two GnRH dendrites were not observed, the same afferent input could be observed to synapse more than once on the same GnRH neuron dendrite (Fig. 4B) . The mean number of afferent inputs to GnRH dendrites was 3.0 6 1.0 afferents/mm (n = 3).
Discussion
The scattered distribution of the GnRH neurons and their long projections to the median eminence have made their morphological assessment difficult. The recent development of tissue-clearing methodologies in neuroscience (16) offers the prospect of overcoming some of these issues for GnRH neurons (17) . Prior attempts in our laboratories to trace the long-range projections of rPOA GnRH neurons using conventional sectioning approaches were unsuccessful because of the meandering nature of GnRH neuron projections and the consequent difficulty of "stitching" serial coronal or sagittal sections together. Equally, labeling of individual rPOA GnRH neurons in the acute brain slice proved problematic because of the difficulties of generating an undamaged preparation that contained rPOA GnRH neuron somata as well as the median eminence. We report here that the CLARITY method, enabling the hypothalamus to be viewed without mechanical sectioning, has promise for visualizing the full extent of the GnRH neuron. Although we were able to trace a small number of GnRH neuron projections all the way from the rPOA to the median eminence, this remained difficult because of the density and overlapping bundling of the many mCherry-labeled projections. This occurred despite the scattered distribution of the GnRH neuron cell bodies and our use of small 100-nL AAV injection volumes.
Because standard markers of dendritic and axonal structures are not detectable in GnRH neurons (5), we defined GnRH neuron dendrites as those elements exhibiting spine-like protrusions (3) (4) (5) . Prior studies have shown this to be a reliable index as the spiny projections of anterior hypothalamic GnRH neurons to the median eminence have been shown to exhibit synaptic appositions as well as functional neurotransmitter receptors (5). We show here that projections coming exclusively from the rPOA-located GnRH neurons exhibit spine-like protrusions in their distal zones near the median eminence. These dendritic processes then branch and take on an axonal structure as they enter the median eminence. These findings indicate that the dendron is not unique to the anterior hypothalamic GnRH neurons and that the rPOA GnRH neurons also project dendrons to the median eminence. In some cases, these dendronic projections were .4 mm in length.
To date, it has not been possible to identify a classic axon structure in the majority of GnRH neurons, with these cells instead using their dendrite-like structures to conduct action potentials over many millimeters within the brain (5, 18) . The granule cells of the olfactory bulb appear to share some of these features. Those neurons have no axon but extend dendrites for ;300 mm, with spines serving both presynaptic and postsynaptic functions (19) . Granule cells can transmit subthreshold calcium spikes across their dendritic fields, but they do not generate sodium-dependent action potentials (7). In contrast, the GnRH neuron dendron conducts conventional action potentials, generated~100 mm from the cell body (18, 20) , over long distances while also receiving conventional synaptic inputs (5) .
Electron microscopy identified a high density of synaptic inputs on GnRH neuron dendrons up until they started branching into axons that passed down into the median eminence. Because every GnRH dendron structure identified in the current study exhibited synaptic inputs, we concluded that this is a general feature of hypophysiotropic GnRH neurons regardless of the location of their cell body within the basal forebrain. Afferent axon terminals containing small and large vesicles were found to make both symmetric and asymmetric synapses with the dendron, suggesting that a neurochemically diverse range of synaptic inputs occurs at this location. This is compatible with earlier studies showing the presence of functional g-aminobutyric acid, glutamate, and kisspeptin receptors on the distal dendron itself (5, 21) and evidence for many different neurochemicals modulating GnRH secretion from mediobasal hypothalamic tissue fragments (9) .
We also identified shared synapses between GnRH dendrons and nonGnRH elements within these regions. Although shared synapses appear to be relatively common in the forebrain (22) , it is interesting to consider that neural inputs modulating GnRH secretion are synchronously regulating other neurons. As found for proximal GnRH neuron dendritic elements in the rPOA (4), distal dendrites run in close proximity to each other. However, unlike their counterparts in the rPOA, they did not show any evidence of shared synapses between distal dendrons. Instead, we found individual afferent axons that made contact with a single GnRH dendron more than once. Together, these observations demonstrate that substantial direct afferent input occurs at the GnRH dendron immediately before it begins branching into multiple short axons that stream down into the median eminence (Fig. 6) .
No evidence was found for the direct presynaptic regulation of GnRH neuron axons in the median eminence or, indeed, axons in any of the zones examined. A previous study using synaptobrevin to define synaptic appositions along GnRH neuron projections arising from anterior hypothalamus GnRH neurons identified a very small number of appositions on GnRH processes at the border of the median eminence (5) in what might be considered zone 1 of the current study. This discrepancy may result from difficulties in defining the median eminence border in the different coronal and sagittal planes used in these studies. No synapses were detected on GnRH terminals in the external median eminence in either study. Prior ultrastructural studies of GnRH axons in the median eminence have similarly found very little evidence for axoaxonal synapses in other species. No synapses were detected in the rat (23) , and a single synapse was reported in the monkey (24) . In the sheep, several synapses were detected on GnRH-immunoreactive processes "beneath the arcuate nucleus in the median eminence," but the authors themselves raised the possibility that these processes may have been "dendrites from nearby GnRH neurons" (25) . Thus, it seems very likely that GnRH neuron axons within the median eminence are not a target for direct presynaptic control (Fig. 6 ). This is an unusual scenario in the central nervous system, and it appears that the normal pattern of axo-axonal presynaptic innervation has simply been moved up the GnRH neuron projections to now target the distal dendron. One advantage of this arrangement may be in keeping GnRH dendron presynaptic control mechanisms within the blood-brain-barrier.
The absence of inputs to the GnRH axon terminals does not discount the possibility of nonsynaptic modulation of GnRH axon terminal release by neurotransmitters and other compounds (26) . Although it is technically very difficult to examine the effects of neurotransmitters on GnRH neuron axon terminals independent of their dendrons, recent investigations have reported direct receptor-mediated effects of kisspeptin on GnRH neuron terminals (21, 27) . Physiologically, these axon terminals may be targeted by kisspeptin arising from volume transmission within the brain or from peripheral sources through the circulation.
The identification of dense synaptic inputs to the GnRH neuron distal dendron highlights the potential importance of this structure in regulating GnRH secretion. Synaptic activation at the GnRH neuron distal dendron is thought to generate subthreshold membrane potentials that propagate down hundreds of micrometers into the axon terminals to regulate GnRH release (5, 6, 21) . We previously suggested that the distal dendron represents a site of neural control and integration that is independent of action potentials originating from the proximal dendrites (21) . Several different types of synaptic inputs appear to innervate the distal dendron, suggesting that multiple components of the GnRH neuronal network may be integrated at this level to control GnRH secretion. Foremost, the distal dendron appears to be the site at which the arcuate kisspeptin neuron pulse generator operates to drive pulsatile LH secretion (28, 29) .
In summary, we report here that rPOA GnRH neurons project dendrons to the median eminence in the same manner as the more caudal GnRH neurons of the anterior hypothalamus. This suggests that the dendron is a common projection structure of hypophysiotropic GnRH neurons located throughout the basal forebrain. Although we have shown that the tuberoinfundibular dopamine neurons project regular axons to the median eminence (5), it remains unknown whether other hypophysiotropic neuroendocrine neurons project dendrons to the median eminence. A key benefit of having a dendron would be the ability to regulate hormone secretion close to the site of secretion in the median eminence. Using electron microscopy, we have shown the existence of substantial synaptic input to the GnRH neuron distal dendron in the absence of inputs to the GnRH axons (Fig. 6 ). This pattern of synaptic innervation may represent an efficient mechanism for regulating the activity of a GnRH neural population that has both its cell bodies and its axon terminals scattered widely throughout the basal hypothalamus and median eminence, respectively.
